Introduction
Radioactive sources of gamma rays are increasingly utilized in various social and economical fields and more specifically for medical uses. The management of these radioactive material sources necessitates the control of radiation exposure to these sources. Many methods have been developed for evaluating gamma doses and gamma dose rates received by the users of such sources (Takadu and Kida, 1971; Unger and Trubey, 1982; ICRU 39, 1985; ICRP 51, 1987; ICRP 54, 1988; ICRU 43, 1988; Delacroix et al., 1994) . Gamma-ray dose rates received by the skin of fingers of clinical and laboratory staff during injections of 153Sm were calculated using a distributed point source approach (Pattison, 1999) . Gamma dose rates from external exposure have been determined by many authors using analytical methods (Unger and Trubey, 1982; Delacroix et al., 1993; . Monte Carlo calculations have been performed for evaluating gamma photon selfabsorption coefficients in different stainless steel samples (Rzama et al., 1994) , determining annual absorbed gamma dose rates in an archaeological site (Misdaq et al., 1998a) , characterizing stainless steel materials (Misdaq et ul., 1997) and studying the influence of porosity on the radon emanation coefficient in different building materials (Misdaq et al., 1998b) .
In this work, we describe a new calculation method based on exploiting the interaction processes of gamma photons emitted by different radioactive solution sources with the source material, air and a biological tissue for evaluating the resulting gamma-ray dose equivalent rates and gamma-ray Effective doses at 1 meter from the source (Nachtigall, 1969; Kocher, 1981; Unger and Trubey, 1982) in the considered biological tissue.
Methodology
Let us consider a homogeneous radioactive solution sourcc containing radionuclides emitting multienergetic gamma-rays. The considered source is packaged in a cylindrical glass container of 2.3 cm diameter and 2.5 cm height as shown in Figure 1 . The resulting gamma dose equivalent rate in Sv h-', at a distance of 1 meter from the source, absorbed in a biological tissue (see Fig. 1 ) is given by:
Here A is the gamma initial activity per unit volume (Bq cmP3) of the radioactive solution source: for comparison with the results of Delacroix et al. ( 1 994) an initial activity of 3.56 MBq cm-3 was utilized in Our calculations and H,, in Sv cm3 is the specific gamma dose equivalent rate of the considered source at a distance of 1 meter, absorbed in the biological tissue, which is given by (Misdaq et al., 1998a; 2001): where db is the biological tissue's density in g ~m -~, Zi is the intensity of a gamma- where pl in cm2 g-l is the total attenuation coefficient of the gamma-photon in the radioactive solution source.
The transmission and absorption probabilities of the same gamma-photon in the spherical air volume of radius R2 (in cm) surrounding the radioactive solution source ( Fig. 1 ) are given by:
and ( 6 ) where p2 in cm2 g-' is the total attenuation coefficient of the gamma-photon in the air volume and t2 is the path length of the gamma photon in the air volume.
The absorption probability of the considered gamma-photon in a spherical layer of 0.3 cm height of the biological tissue placed at a distance of 1 meter around the radioactive solution source (Fig. 1 ) is given by: (7) where p3 in cm2 g-' is the total attenuation coefficient of the gamma-photon in the biological tissue and !3 is the path length of the gamma photon in the biological tissue.
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The pl, p2 and p3 coefficients have been evaluated by using data given by Hubbell and Seltzer (1995) .
The random sampling of the emission point P, and emission direction is achieved by computing the distance from the center r, the height t, cos0 and cosy, with four random numbers (cl, c 2 , k3 and 54) (Misdaq et al., 1998a The path length t2 is given by:
The gamma-photons absorption coefficient in the air volume (AC)'" and transmission coefficient across the air volume (TC)'" are obtained for a large number N of photons by: 
where R 3 = R2 + e . e is the height of the biological tissue layer (Fig. 1) .
The gamma-photons absorption coefficient in the biological tissue is obtained for a large number N of photons by:
Results obtained for the gamma-photons self-absorption, absorption and transmission coefficients are given in Table 1 . The statistical uncertainty of the gamma-rays self-absorption, absorption and transmission coefficients is of 0.5%.
The gamma effective dose absorbed in the biological tissue during a time interval t2 is given by: (ICRP 51, 1987 ) and H ( t ) = AePh'Hsp is expressed in Sv h-'. h is the radioactive decay constant in h-l of the radioisotope. A is the initial activity per unit volume of the radioactive solution source (Bq ~m -~) . tl = 1000 h is the exposure time; the proposed exposure time of 1000 h assumes the source exposes someone 8 h d-', 5 d wk-', over a 6-mo period. t2 is the decay time of the radioisotope which is equal to 4380 h (24 h d-' x 30.4 d m0-l x 6 mo) (Shingelton, 1998) . By integrating equation (26), we get: 2 10 x 10-7
Results and discussion
The seif-absorption, absorption and transmission coefficients of gamma-photons emitted by radionuclides contained in different radioactive, solution sources have been evaluated (Tab. 1). The gamma dose equivalent rate H has been determined at 1 meter from various radioactive solution sources and absorbed in a biological tissue. Data obtained are shown in Table II 
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higher gamma effective doses than the other solution sources. It is due to the fact that these two sources present higher half-life and higher gamma-ray intensities than the other sources (Tabs. 1 and III).
The threshold initial activity (Ath) corresponding to a gamma effective dose limit of 1 mSv (Shingelton, 1998) have been determined for the radioactive solution sources studied. Data obtained are shown in Table 111 .
The considered 40K, 24Na, s2mMn, s6Mn, %Ga and "Rb solution sources, with initial activities of 3.56 MBq ~m -~, do not present a great danger for the users of these sources since their threshold initial activities corresponding to the gamma effective dose limit of 1 mSv are too high (Tab. III). The 59Fe, *'Al, "Zn and ' ' Co solution sources of 3.56 MBq cm-initial activities could present a danger for the users because their threshold initial activities are relatively low (Tab. ILi). Indeed, small activities could induce high gamma effective doses. We also notice that the influence of the half-life of the radioisotope contained in the solution source on the threshold initial activity (Ath) is important. Indeed, when the half-life of the radioisotope increases the threshold activity Ath decreases: for radioisotopes of short half-lives the radioactive disintegration is important and the threshold activity corresponding to a gamma effective dose of 1 mSv is higher than for radioisotopes of long half-lives. However, for the ,,Al and ,& solution sources 
Conclusion
It has been shown by this study that by Monte Carlo simulations of the interaction processes of the gamma-rays emitted by different radioisotopes inside cylindrical solution sources one can evaluate the gamma-ray dose equivalent rates and gamma-ray effective doses at 1 meter from these sources in a biological tissue. The threshold initial activity corresponding to a gamma effective dose of 1 mSv has been determined for the solution sources studied. It has been shown those solution sources containing radioisotopes of long half-life show smaller threshold initial activities and consequently present a higher danger to the users than those containing radionuclides of short half-lives. This calculation method which is accurate, rapid (a few seconds calculation time) and can be performed on a simple PC, is a good tool for the control and management of solution sources.
